Poorly-defined interactions between environmental and genetic risk factors underlie Parkinson's disease (PD) etiology. Here we tested the hypothesis that human stem cell derived forebrain neuroprogenitors from patients with known familial risk for early onset PD will exhibit enhanced sensitivity to PD environmental risk factors compared to healthy control subjects without a family history of PD. Two male siblings (SM and PM) with biallelic loss-of-function mutations in PARK2 were identified. Human induced pluripotent stem cells (hiPSCs) from SM, PM, and four control subjects with no known family histories of PD or related neurodegenerative diseases were utilized. We tested the hypothesis that hiPSC-derived neuroprogenitors from patients with PARK2 mutations would show heightened cell death, mitochondrial dysfunction, and reactive oxygen species generation compared to control cells as a result of exposure to heavy metals (PD environmental risk factors). We report that PARK2 mutant neuroprogenitors showed increased cytotoxicity with copper (Cu) and cadmium (Cd) exposure but not manganese (Mn) or methyl mercury (MeHg) relative to control neuroprogenitors. PARK2 mutant neuroprogenitors also showed a substantial increase in mitochondrial fragmentation, initial ROS generation, and loss of mitochondrial membrane potential following Cu exposure. Our data substantiate Cu exposure as an environmental risk factor for PD. Furthermore, we report a shift in the lowest observable effect level (LOEL) for greater sensitivity to Cu-dependent mitochondrial dysfunction in patients SM and PM relative to controls, correlating with their increased genetic risk for PD.
Introduction
Parkinson's disease (PD) is characterized by progressive motor function decline due to loss of dopaminergic neurons in the substantia nigra (SN). A minority of PD patients (familial PD) have single gene mutations associated with disease etiology (~10% of cases). The remaining idiopathic PD cases are influenced by interactions of genetic and environmental risk factors, including exposure to heavy metals and pesticides (Betarbet et al., 2000; Gorell et al., 1999 Gorell et al., , 1998 Jomova et al., 2010) . The role of environmental factors is underscored by a high discordance between monozygotic twins (Tanner et al., 1999) .
Mutations of PARK2 are one of the most common causes of early onset PD (EOPD) (Kitada et al., 1998) . Despite this association, patients with biallelic loss-of-function PARK2 mutations can have incomplete penetrance with high intra-familial and inter-familial variability in ages of onset (Abbas et al., 1999; Deng et al., 2006; Khan et al., 2003) . For example, one study found a 56-year old subject with compound Neurobiology of Disease 73 (2015) 204-212 
